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Technical AdvanceOpening the High-Pressure
Domain beyond 2 kbar to Protein
and Virus Crystallography
biological and biophysical phenomena, we must under-
stand the effect of pressure at the molecular level.
Most experimental methods used at atmospheric
pressure have been adapted to high-pressure studies,
including macromolecular crystallography. Until re-
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baˆt. 209H cently, however, the field of high-pressure macromolec-
ular crystallography remained underdeveloped.Universite´ Paris-Sud
91898 Orsay cedex The first milestone of high-pressure protein crystallog-
raphy was the publication by Kundrot and Richards [5]France
2 LURE of the structure at 1 kbar of tetragonal hen egg white
lysozyme (tHEWL). It was followed by communicationsbaˆt. 209D
Universite´ Paris-Sud on the structure of Staphyloccocal nuclease [6] and
sperm whale metmyoglobin [7] and then by a publication91898 Orsay cedex
France on the structure of sperm whale myoglobin at 1.5 kbar
[8]. The latter article also demonstrated cooling of a3 ESRF
BP220 compressed crystal at atmospheric pressure, with the
goal of preserving the structural changes induced by38027 Grenoble cedex
France pressure and collecting data under standard conditions.
All of these studies were performed with a polycrystal-4 IBS
41 rue Jules Horowitz line beryllium cell, originally designed by Kundrot and
Richards [9], that had a pressure limit of 2 kbar. The use38027 Grenoble cedex
France of a diamond anvil cell (DAC) to measure the compress-
ibility of lysozyme crystals, without follow-up data col-5 Department of Molecular Biology
The Scripps Research Institute lection, was reported by Katrusiak and Dauter [10].
We have introduced the use of ultrashort wavelengths10550N
Torrey Pines Road (  0.4 A˚) with a DAC for the collection of diffraction
data from macromolecular crystals. Experiments wereLa Jolla, California 92037
performed on ID30 beamline (ESRF, Grenoble). Experi-
mental procedures were established, and the first
results were obtained on a monomeric protein, HEWL
Summary (tetragonal form), and on a dimeric protein, Cu, Zn super-
oxide dismutase (SOD). Compressibility measurements
The combined use of a diamond anvil cell and ultra- were achieved up to 8.2 kbar on tHEWL crystals and
short-wavelength undulator radiation has allowed the beyond 10 kbar for SOD crystals. Diffraction data were
collection of high-resolution diffraction data from pro- collected for both crystals, and structure factor ampli-
tein and virus crystals submitted to hydrostatic pres- tudes were obtained [11].
sures beyond 2 kbar. Crystals of cubic cowpea mosaic After some technical improvements, we have ex-
virus (CPMV) can be compressed to at least 3.5 kbar. tended high-pressure crystallography to virus crystals.
Diffraction from CPMV crystals displaying an unusual Cowpea mosaic virus (CPMV) is a member of the Como-
disorder at atmospheric pressure was considerably virus family, a group of icosahedral plant viruses similar
enhanced by application of pressure. These experi- to mammalian Picornaviruses. Comoviruses have a bi-
ments suggest that pressure may be used in some partite, single-stranded RNA genome, and each RNA
cases to improve order in crystals. molecule is encapsulated in a separate particle [12].
Three types of virus particles can be isolated as distinct
sedimenting bands in sucrose gradients. The band onIntroduction
the top of the gradient (T) contains no RNA (empty cap-
sids); the middle (M) component contains the smallerPressure is an important thermodynamic variable, not
RNA2, and the bottom (B) component contains the largeronly in chemistry and physics, but also in biology. It is
RNA1 [13]. Crystals produced with unfractioned virusimportant in marine biology and deep sea diving physiol-
preparations displayed rhombic dodecahedral morphol-ogy [1]. High pressure can deactivate enzymes, toxins,
ogy in space group I23 (a  317 A˚) and were used forand viruses and can kill bacteria [2], all of which may
the first structure determination at 3.5 A˚ resolution [14].have biotechnological applications [3]. Pressure can
Later, the structure was refined to 2.8 A˚ with a mixturealso be used as a variable to reveal more-detailed ther-
of M and B components and individual M and B compo-modynamic and kinetic features of bioprocesses and
nents [15]. The 300 A˚ diameter particles are similar tobiosystems, potentially allowing nonconventional regu-
the Picornavirus capsids, as they display a pseudo-T lation of their behavior [4]. In order to explain these
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Figure 1. Oscillation Picture, CPMV Crystal
at 1.1 kbar, P23 Form
The operating conditions of the storage ring
were as follows: 16-bunch mode, intensity, 60
mA; X-ray wavelength, 0.3305 A˚; beam cross-
section, 40  40 m2 ; detector, MAR345 im-
aging plate system; crystal to detector dis-
tance, 1400 mm; oscillation range, 0.3; expo-
sure time, 900 s. The circle corresponds to a
resolution of 4 A˚. A blowup of the selected
part of the picture is inserted.
3 (p  3) surface lattice. The long axes of the three  odd reflections did not diffract X-rays as well as those
conforming to the strict I23 space group. The relation-sandwich domains in the icosahedral asymmetric unit
adopt two orientations, one is radial and the other two ship between the I23 and P23 cells was interpreted as a
first-order phase transition. With respect to the standardare tangential in reference to the capsid sphere. The
structure, assembly, and molecular biology of CPMV positions in the I23 structure, virus particles are rotated
randomly, with an angle of approximately 7.6 (W.were the subject of extensive fundamental studies lead-
ing to, among other applications, the use of CPMV as Schildkamp, T. Lin, and J.E. Johnson, personal commu-
nication).a carrier of heterologous antigens [16], allowing it to
function as a “dead virus” vaccine. M components of CPMV crystals with rhombic do-
decahedral morphology were used for the high-pressureThe experiment on cubic CPMV crystals reported in
this article is the first high-pressure crystallographic experiments. Initially, one crystal was mounted in a DAC
and submitted to high pressure, as previously describedstudy performed on a complex macromolecular assem-
bly. These crystals displayed unusual disorder at atmo- for protein crystals [11]. A stabilization solution for
CPMV crystals (for 1 ml of solution: 370 l H2O, 320 lspheric pressure. The diffraction quality was consider-
ably enhanced by modest pressures; these crystals MPD, 100 l ammonium sulfate, 150 l 20% PEG 8000,
and 50 l 1 M potassium phosphate buffer [pH7]) wasundergo a phase transition to a space group with en-
hanced order. Consequences of this finding and, finally, used as the compression medium. There was no physi-
cal or morphological change at 3.5 kbar, and the crystalthe status and future prospects of macromolecular crys-
tallography under high hydrostatic pressure are dis- diffracted X-rays at this pressure. A second crystal, with
dimensions of about 150m, was used for further exper-cussed.
iments. Oscillation pictures (0.3) were recorded at at-
mospheric pressure and then at 1.1, 2.0, and 3.3 kbar.Experiments on CPMV Crystals
Increasing the pressure to 4.4 kbar resulted in loss ofAbout 10% of the rhombic dodecahedral CPMV crystals,
diffraction.grown in standard conditions, conform strictly to the
Images were processed with DENZO [17]. At 1 bar, 1.1characteristics of cubic I23 space. The other crystals
kbar, and 2.0 kbar, Bragg reflections could be indexed inhave weak reflections with indices of h  k  l  2n 
P23, but not in I23. Mosaicity was about 0.3. Strong1 (odd reflections), which should be absent in the I23
diffuse scattering is visible in these patterns (Figure 1).space group. The space group P23 was tentatively as-
The average I/	(I) of Bragg reflections at 1.1 kbar issigned to these crystals, which agreed with the presence
shown as a function of resolution in Figure 2. It de-of odd reflections, but not with the packing criteria of
creases rapidly as resolution increases, being lower thanthe virus particles. The intensities of odd reflections
2 beyond S  0.166 (d  6 A˚), with odd reflectionsvaried from one crystal to another, and their intensity
increased from low to high resolution. The crystals with increasing in intensity with resolution.
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Table 1. Parameter and Volume of the Cubic Unit Cell of CPMV
Virus at Several Pressures
Pressure Space
(kbar) Group a (A˚) V (A˚3)
0.001 P23 316.40 3.167  106
1.1 P23 315.88 3.152  106
2.0 P23 315.08 3.128  106
3.3 I23 314.04 3.097  106
reflections as a function of resolution is shown in Figure
2. Starting from disordered and poorly diffracting P23
crystal, pressure induced a phase transition to highly
ordered I23 crystal. This crystal diffracted to the same
resolution as the best I23 crystals, obtained after many
trials in standard conditions (J.E. Johnson, personal
Figure 2. Signal to Noise Ratio in Resolution Shells for CPMV Crys- communication).
tal Data, Defined as the Average I/	 Ratio in Oscillation Pictures Unit cell parameters refined with DENZO are given in
A meaningful comparison of I and	(I) between the data sets required Table 1. At 3.3 kbar, the cell volume was reduced by
that they be rescaled, taking into account the different exposure 2.2% compared with that under atmospheric pressure.
times and beam cross-sections. Square dots, data at 1.1 kbar; circu- The average compressibility from 1 bar to 3.3 kbar is
lar dots, data at 3.3 kbar.
0.666 kbar
1, which is about two-thirds of the compress-
ibility of tHEWL in the range from 1 bar to 8 kbar (0.98
kbar
1) [11].Oscillation patterns from CPMV crystals at 3.3 kbar
recorded with crystal to detector distances of 1400 mm
(Figure 3) and 900 mm looked strikingly different from Discussion
The results reported above demonstrate that high-reso-those at 1.1 kbar, and this was confirmed by subsequent
processing. All Bragg reflections were readily indexed lution macromolecular crystallography on proteins and
complex assemblies is technically feasible under highin space group I23. The mosaicity was 0.1, allowing
most of the data to be integrated as whole reflections. hydrostatic pressure. Depending on the sample and
mother liquor, the limiting pressure was not set by theResolution extended to about 2.6 A˚, with some reflec-
tions visible up to 2.2 A˚. Diffuse scattering was either pressure cell, but either by (1) sample denaturation,
which was the case for tHEWL and CPMV crystals, ornot visible or very weak. The average I/	(I) of Bragg
Figure 3. Oscillation Picture, CPMV Crystal
at 3.3 kbar, I23 Form
The operating conditions were as in Figure 1,
except for the exposure time (1120 s) and
beam cross-section (50  70 m2 ). The dif-
fraction pattern extended to about 2.6 A˚, with
some diffraction maxima visible to 2.2 A˚; the
resolution on this image is limited to 2.7 A˚ at
the edge of the detector. A blowup of the
selected part of the picture is inserted.
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Figure 4. Principle of the Diamond Anvil Cell
(2) the necessity of maintaining a liquid phase as a com- current standards for conventional data collection. The
following results were obtained for merging data frompression medium, in order to keep hydrostatic condi-
tions. Interestingly, SOD crystals were preserved be- two tHEWL crystals at 7.0 kbar: resolution, 1.6 A˚; Rsym
(I), 0.057; completeness, 0.93; redundancy, 7.2. It is clearyond 12 kbar at room temperature. It is relatively simple
to perform such experiments on appropriately equipped that accurate structural parameters can be derived at a
broad range of pressures for a variety of macromole-synchrotron radiation beamlines. Indeed, within certain
limits, macromolecular crystals are well suited for high- cules and assemblies. The main applications are as
follows:pressure studies. These crystals withstand pressure
very well because of the coexistence of a solid and a First, an increase in pressure at constant temperature
leads to a decrease in the entropy of the system. Theliquid phase. As the solvent channels in the crystals are
open to the compressed mother liquor, both phases ordering effect of pressure was observed unexpectedly
for P23 CPMV crystals. In this case, modest pressuresremain in equilibrium if pressure is increased slowly and
continuously, thus minimizing the stress on the crystal. significantly enhanced the diffraction quality as the crys-
tal undergoes a phase transition to a space group withBecause of the plasticity of these crystals, order may
be preserved or restored in spite of large variations of enhanced order. The type of disorder in CPMV appears
to be unusual, and further experiments on other systemsspecific volume occurring during compression or pres-
sure-induced phase transition. are required. If the application of pressure and conse-
quent improvement in order should prove to be a moreA typical 1 of oscillation exposure was 1 hr for CPMV
crystals and 120–180 s for tHEWL and orthorhombic general phenomenon, the consequences would be im-
portant for macromolecular crystallography.SOD crystals. A reduction by a factor of about 24 in the
exposure time is anticipated by combining the normal Second, conformational substates in proteins have
been investigated by high-resolution studies of frozenfilling mode at the ESRF, instead of the 16-bunch mode
(3) and two narrow gap undulators, which are being crystals (e.g., [18, 19]). It would be most interesting to
use high pressure as a variable in high-resolution struc-installed on the ID30 beamline (8). Then, expected
exposure times will be reduced to about 150 s per de- tural studies, including, for example, the study of alter-
nate conformations of aromatic rings of Phe or Tyr resi-gree for CPMV and 5–8 s per degree for crystals of
small proteins. Such values are quite acceptable and dues and subtle variations of the size and configuration
of internal cavities. The possibility of significant newwill remain so, even if they are increased by a factor of
2–3 in order to further improve signal to noise. insights of this type comes from basic concepts about
pressure. Pressure effects are governed by Le Chatel-There were two limitations in high-pressure data col-
lection. The first was the limited rotation range allowed ier’s principle, which states that a system at equilibrium
reacts to an external perturbation by minimizing the ef-by diamond cells. Complete data sets from a single
sample can currently be collected only from high-sym- fect of this perturbation. This implies that, when high
pressure is applied to a system, states that exhibit ametry space groups. A nearly complete data set with
only one prealigned crystal of tHEWL was obtained be- smaller specific volume are favored. For instance, as-
sume that a protein is in equilibrium between two confor-cause it had tetragonal symmetry. The cubic space
group of CPMV was clearly advantageous for data col- mational substates. Pressure will shift the ratio of the
populations of these substates. This detailed structurallection. The second limitation was the necessity to keep
the sample at, or close to, room temperature in order exploration of the energetic landscape can bring a
wealth of information about the internal dynamics of ato preserve hydrostatic compression. To alleviate degra-
dation under X-ray irradiation, we translated the crystal protein in connection with, for example, the catalytic
mechanism of an enzyme.by incremental steps during data collection, taking ad-
vantage of the small cross-section of the X-ray beam Third, pressure is a tool that is used to investigate
interactions between protein molecules, including theto irradiate successively fresh portions of the sample.
In the case of tHEWL and SOD crystals, appropriate effect of salts on structure stability, and for understand-
ing why proteins may be more resistant to denaturationrotation ranges were 15–20 for each portion.
Given these technical and methodological advances, in the crystal than in solution and the structural princi-
ples of organization of oligomeric proteins and complexthe quality of data collected at high pressure will match
Technical Advance
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X-Ray Beamassemblies. The detailed architecture and interactions
We used unfocused radiation from an undulator with the monochro-in proteins from organisms living in the deep sea, which
mator adjusted at wavelengths of 0.3738 A˚ and 0.3305 A˚ duringare submitted to pressures up to about 1 kbar, can
the first and second series of experiments, respectively. Ultrashort
be studied under their normal physiological conditions. wavelengths have the following advantages:
More generally, combining pressure and temperature in First, in X-ray diffraction measurements with DAC, major sources
of systematic errors are absorption and extinction by diamonds.crystallographic studies will open new possibilities to
Both of these effects are reduced at shorter wavelengths. Absorp-study molecular components of extremophiles.
tion of the direct beam by the first diamond is constant for a narrowFourth, pressure is widely used for folding and un-
range of oscillation and taken into account by the scaling procedure.folding studies. High-pressure crystallography can be
Absorption of diffracted beams by the second diamond could be
used to study pressure-induced denaturation of pro- corrected by calculation of the absorption path for each reflection;
teins. As the constraint of long-range order in the crystal- at the present stage, no correction was applied, as the maximum
variation of transmission due to path length variations was small,line state reduces amplitudes of atomic displacements,
at   0.4 A˚. Some reflections may be attenuated when the directthese studies will be limited to the onset of denaturation
or diffracted beams are diffracted by diamonds. As the width ofoccurring in specific regions of macromolecule. We have
Bragg reflections for both protein crystals and diamonds is veryprobably captured the early stages of denaturation in
small, the prediction of relevant reflections and to what extent they
tHEWL crystals at pressures in excess of 8.2 kbar [11] were attenuated was difficult. However, the attenuated reflections
and followed the progress by recording repeatedly pic- were likely to be rejected during the data processing as the outliers.
Second, even at high and very high resolution, diffraction is con-tures in the same angular interval. No useful diffraction
fined within a narrow forward cone (for example, at   0.3305 A˚,data could be collected, as the monochromatic method
the full opening angle 4 max is 25.3 at 1.5 A˚ resolution); thus, thewas too slow. In the future, the Laue method could be
limited aperture of DAC (in the current design, the full aperture ofdeployed for similar dynamic events.
the useful cone is 53) did not affect the experiment.
Fifth, reliable structural information at different pres- Third, diffracted rays are nearly perpendicular to the detector
sures will be useful for the determination of empirical surface.
Generating small Bragg spots on the detector produces high val-parameters used for structure-based calculations of im-
ues of I/	(I). To obtain small diffraction maxima with the unusuallyportant thermodynamic quantities, such as enthalpy
large crystal to detector distance, required for the ultrashort wave-changes [20].
length, monochromatic and unfocused X-rays were used. A veryIn conclusion, undulators inserted in a high-energy
bright source, such as the undulator on the ID30 beamline, was
electron storage ring and emitting intense, near-parallel required to compensate for both the lack of focusing and the decline
X-rays of ultrashort wavelength combined with DAC and of the intensity of reflections at short wavelengths. Intensity varies
approximately as does 2 , due to the 3 dependence in the Thomsonlarge area detector are a breakthrough for macromolec-
formula and the approximate 
1 dependence of the Lorentz factorular crystallography, which is now feasible in a pressure
for small Bragg angles. The installation of a pair of narrow gap,range extended by nearly an order of magnitude with
in-vacuum, undulators is planned on ID30. The expected gain inrespect to previous experiments. We believe that the
brilliance, about a factor of 8, will proportionately reduce exposure
results reported here on a complex assembly, albeit times.
preliminary, demonstrate new possibilities in macromo-
lecular crystallography. Detector
A large detector has several advantages. It allows the use of a long
crystal to detector distance, which improves both the signal to noiseExperimental Procedures
ratio and the separation between spots, which is especially impor-
tant for crystals with long unit cell parameters. We used an imagingKey instrumental features of high-pressure macromolecular crystal-
plate-based detector (diameter 345 mm). A CCD detector with alography are a DAC, an undulator X-ray beam, and a large-area
large sensitive area would also be appropriate.detector [11].
The first series of experiments were performed on tHEWL and
orthorhombic SOD crystals. The wavelength was fixed at 0.3738 A˚
(iodine K edge). Three main conclusions were drawn [11]: (1) excel-DAC
DAC [21] is the most important and versatile instrument in high- lent crystalline order was preserved for both proteins under high
hydrostatic pressure, provided that the pressure was ramped slowlypressure research. For high pressure macromolecular crystallogra-
phy, it has many advantages with respect to a beryllium cell, includ- and continuously; (2) the crystalline state significantly raised the
pressure required to denature both proteins with respect to proteinsing the extension of the pressure range by an order of magnitude,
optical transparency, better transmission of X-rays, and lower para- in solution; (3) high-quality diffraction data could be collected at
high pressure. This essential result was due to several factors. Braggsitic scattering and diffraction from the cell body consisting of dia-
mond single crystals. We have used two DACs of the piston-cylinder reflections, as recorded on the detector, were sharp because of the
low mosaicity of crystals and the beam characteristics. Background,type [22]. Thrust on the piston is generated by a toroidal membrane
[23] inflated by compressed helium. The procedure used to confine mainly because of Compton scattering of diamonds, was relatively
weak and uniform. There were few Bragg reflections from diamonds,and compress the sample is standard [24]: the compression cham-
ber is a cavity limited by the culets of the two diamonds and the and data analysis programs readily eliminated these. As the beam
was tightly collimated (typically 40 m  40 m), images were freewall of a cylindrical hole drilled in an inconel gasket (Figure 4).
A sample is selected from a batch of crystals grown in standard of powder rings from the metal gasket.
For the second series of experiments, several technical modifica-conditions; it is mounted in the cavity filled with either the mother
liquor or a solution with a composition purposely adjusted to im- tions were made. The wavelength was adjusted at 0.3305 A˚, just
below the wavelength of the K absorption edge of barium. At thisprove the stability of the sample under high pressure. Squeezing the
gasket seals the cavity. By gradually increasing the thrust applied to wavelength, the absorption efficiency for elastic scattering of the
BaFBr:Eu2-sensitive layer of the imaging plate is enhanced to 44%the DAC piston, the volume of the cavity is reduced with a concomi-
tant increase of pressure within the enclosed liquid. Pressure is [26], whereas the absorption for the longer wavelength of Compton
scattering is lower, thereby increasing signal to noise ratio. Themeasured through the wavelength shift of a fluorescence line of a
ruby chip [25]. The liquid state must be preserved at all stages, in thickness of diamond anvils was reduced from 1.5 to 1.0 mm, in
order to both increase the useful aperture of the DAC and reduceorder to ensure hydrostatic compression.
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absorption of X-rays. Larger crystals (up to 400  400  150 m3 ) tion (0.91 A˚) and at low temperature (100 K). Evidence for confor-
mational multistates within the hydrophobic core. Protein Sci.could be accommodated by increasing the diameter of the diamond
culets (from 0.6 to 0.8 mm) and the thickness of the gasket (from 8, 2194–2204.
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